Introduction {#sec1}
============

In recent years, huge amounts of pharmaceutical compounds are being discovered in water bodies worldwide.^[@ref1]^*N*-Acetyl-*p*-amino phenol (acetaminophen) commonly known as paracetamol is a highly prescribed antipyretic drug, and its intermediates are found in wastewater resources, which pose serious environmental concerns.^[@ref2]−[@ref5]^ Several research projects are being funded on the degradation of these toxic pharmaceutical organic pollutants to minimize water pollution. Photocatalytic degradation of paracetamol has been reported by Villota *et al*.,^[@ref1]^ Dalida *et al*.,^[@ref2]^ Moctezuma *et al*.,^[@ref5]^ Jallouli *et al*.,^[@ref6]^ Vogna *et al*.,^[@ref7]^ Gotostos *et al*.,^[@ref8]^ and Abdul-Zahra *et al*.^[@ref9]^ using different heterogeneous photocatalysts under UV and visible light irradiation.

Several photocatalysts such as TiO~2~,^[@ref10]^ ZnO,^[@ref11]^ SnO~2~,^[@ref12]^ TiO~2~--Bi~2~WO~6~,^[@ref13]^ Ta~3~N~5~--Pt,^[@ref14]^ Ta~3~N~5~--Bi~2~MoO~6~,^[@ref15]^ g-C~3~N~4~,^[@ref16]^ and HCN--Au^[@ref17]^ have been utilized in waste water remediation which can only be activated under UV irradiation. Hence, studies have dedicated toward designing visible-light-responsive heterogeneous photocatalysts to improve the absorbance and utilization of solar energy. In this regard, Ag-based semiconductors such as Ag~3~PO~4~,^[@ref18]^ AgVO~3~,^[@ref19]^ Ag~2~CO~3~,^[@ref20]^ Ag/TiO~2~,^[@ref21]^ Ag/ZnO,^[@ref22]^ CS/Ag,^[@ref23]^ r-GO/Ag,^[@ref24]^ and Fe~3~O~4~/Ag~3~PO~4~\@WO~3~^[@ref25]^ have shown excellent photocatalytic properties and antimicrobial activity.^[@ref26]^

Ag~2~O is a p-type semiconductor with a narrow band gap of 1.3--1.4 eV and exhibits enhanced visible-light activity and high photo-oxidative properties.^[@ref27]^ However, the photosensitivity and rapid recombination of photo-induced electron--hole pairs largely limit their application as a stable photocatalyst. To improve its performance, the strategy of designing Ag--Ag~2~O hybrid material has led to the improvement in its catalytic activity and stability as metallic Ag demonstrates strong visible-light absorbance because of strong surface plasmon resonance effect and acts as an electron scavenger, which prevents the reduction of Ag~2~O.^[@ref28]^ Moreover, the utilization of conducting polymers such as polypyrrole, polythiophene (PTh), and polyaniline as photosensitizers can effectively contribute toward improvement in the photocatalytic activity as these polymers have shown to efficiently act as hole transporters and donate electrons, improve the interfacial electron transfer process, and prevent oxidation/reduction of metallic nanoparticles.^[@ref29],[@ref30]^

Most of the studies based on the synthesis of heterogeneous photocatalysts have reported traditional chemical methods such as hydrothermal, precipitation, solvothermal, sol--gel, and physical vapor deposition techniques for designing these materials which cause serious environmental issues as strong acids/solvents and reducing/stabilizing agents are used to synthesize these metal oxides which lead to the release of considerable amounts of toxic materials as unreacted and non-biodegradable compounds in the environment.^[@ref31],[@ref32]^

Hence, in this study, we have synthesized Ag--Ag~2~O nanohybrids via a green route using plant extract of *Osmium sanctum* (commonly known as holy basil) with the aim to develop an eco-friendly and facile strategy for tailoring such heterocatalysts with minimal utilization of toxic chemicals/reagents. The synthesized Ag--Ag~2~O nanohybrid was modified with PTh in order to enhance its catalytic properties. The structural, morphological, spectral, and optical properties of the synthesized nanomaterials were investigated using scanning electron microscopy (SEM), energy dispersive X-ray (EDX) with elemental mapping, transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier-transform infrared (FT-IR), and UV--vis spectroscopy (UV--vis) techniques. As a great deal of literature is available on the photocatalytic activity of these nanohybrids, we have explored their catalytic activity under microwave irradiation and have compared with the reported photocatalytic performance of such materials so as to establish the high efficiency of microwave-assisted catalytic degradation which could be used to safely degrade these drugs prior to their disposal in water bodies.

Results and Discussion {#sec2}
======================

Confirmation of Morphology via XRD, SEM with Elemental Mapping, and TEM Studies {#sec2.1}
-------------------------------------------------------------------------------

The XRD profile of Ag--Ag~2~O, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, showed intense peaks at 2θ = 27.8, 32.3, 38.1, 46.2, 54.9, 57.6, 64.3, 68, and 76.9° corresponding to (110), (111), (200), (200), (220), (110), (311), (222), and (311) planes of face centered cubic lattice of silver oxide (Ag~2~O), respectively. The peaks were found to be in agreement with the standard cubic Ag~2~O (JCPDS 76-1393). The peaks associated with Ag^0^ particles appeared at 2θ = 27.8 (110), 46.2 (200), 57.6 (110), and 76.9° (311).^[@ref33]−[@ref35]^ The average particle size of Ag--Ag~2~O calculated using the Scherer formula was found to be 36 nm. The XRD profile of PTh showed peaks at 2θ = 16.5, 17.6, 19.5, 26.4, 28.3, 34.9, 39.4, 54.9, and 67.4°. The peak at 2θ = 26.4 and 28.3° were correlated with PTh which confirmed the semicrystalline morphology of the polymer.^[@ref36],[@ref37]^ The XRD pattern of Ag--Ag~2~O/PTh showed characteristic peaks at 2θ = 26.8, 32.2, 46.2, 54.8, 57.4, 67.9, and 77.2°, while the peak at 2θ = 26.4° was associated with PTh which was found to overlap with the Ag--Ag~2~O peaks. The peaks of PTh appeared to be low in intensity, while some of the peaks appeared to be missing presumably because of encapsulation by the Ag--Ag~2~O particles which was further confirmed by high-resolution transmission electron microscopy (HR-TEM) studies.

![XRD patterns of Ag--Ag~2~O, PTh and Ag--Ag~2~O/PTh nanocomposites.](ao0c00405_0001){#fig1}

The HR-TEM of Ag--Ag~2~O, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, showed the formation of distorted spherical particles ranging between 10 and 15 nm, while the HR-TEM of PTh, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, revealed clusters of rodlike aggregates forming a dense bundle like structure. The HR-TEM of Ag--Ag~2~O/PTh, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, showed a mixed morphology of hollow tubular structures of PTh surrounded with distorted spherical Ag--Ag~2~O nanoparticles. The average particle size was observed to be ranging between 20 and 30 nm. The appearance of mixed morphology in the case of Ag--Ag~2~O/PTh confirmed the formation of the nanohybrid.

![TEM micrograph of (a) Ag/Ag~2~O, (b) PTh, and (c) Ag/Ag~2~O--PTh nanohybrids.](ao0c00405_0002){#fig2}

The field emission SEM (FE-SEM) of Ag--Ag~2~O, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, showed clusters of spherical particles as noticed in the HR-TEM and the EDX results, and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b revealed the compositions of Ag and O to be 95.10 and 4.90 wt. % and 74.24 and 25.76 at. %, respectively. The percentage values were consistent with optimal stoichiometry 2:1 of Ag~2~O. The elemental mapping of Ag~2~O, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, showed homogeneous distribution of Ag and O the surface of the synthesized nanoparticles.

![SEM of (a)Ag--Ag~2~O, (b) EDX of Ag--Ag~2~O, (c) elemental mapping of Ag--Ag~2~O, (d) SEM of PTh, (e) EDX of PTh, (f) elemental mapping of PTh, (g) SEM of Ag--Ag~2~O/PTh, (h) EDX of Ag--Ag~2~O/PTh, and (i) elemental mapping of Ag--Ag~2~O/PTh.](ao0c00405_0003){#fig3}

Similarly, the FE-SEM image of PTh, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, showed cauliflower like morphology and the EDX spectrum of confirmed the presence of C and S, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e. The intensity of the peak associated with C content was noticed to be 87.68 at wt % and 12.32 at wt % for S. The elemental mapping image, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f, revealed homogeneous distribution of C with S particles randomly scattered over the surface. The SEM of Ag--Ag~2~O/PTh, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}g, exhibited a mixed morphology of spherical particles of Ag~2~O surrounded by flaky rod like structures of PTh. The loading of PTh and Ag~2~O was confirmed to be 61 and 39 wt %, respectively, as evident from the EDX spectrum, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}h. The elemental mapping of the nanohybrid, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}i, showed uniformly distributed Ag--Ag~2~O nanoparticles, while the polymer was observed to encapsulate the surface of metal oxide. The EDX results confirmed the stoichiometry of the metal oxide, while the elemental mapping results clearly depicted formation of nanohybrids.

Thermal Stability of Ag--Ag~2~O and Its Nanohybrids with PTh {#sec2.2}
------------------------------------------------------------

The thermogravimetric analysis (TGA) curve of Ag--Ag~2~O, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, showed a four step decomposition curve. The first decomposition event was observed at 181 °C because of moisture and free H~2~O molecules. The second decomposition event exhibited 10.33 wt % loss at 335 °C because of entrapped H~2~O present on the surface of Ag--Ag~2~O, while the third decomposition event was noticed at 718 °C revealing a weight loss of 29.81%. The fourth decomposition took place at 805 °C because of the transformation of Ag~2~O into Ag, and the residue was calculated to be 67.62%.

![TGA profile of (a) Ag−Ag~2~O, (b) PTh, and (c) Ag−Ag~2~O/PTh nanohybrids.](ao0c00405_0004){#fig4}

Thus, Ag−Ag~2~O was found to exhibit excellent thermal stability. PTh also showed a four step decomposition profile, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The first weight loss of almost 36.63% was noticed around 181 °C because of the loss of absorbed H~2~O molecules, while 71.20 wt % loss occurred at 620 °C because of the decomposition of carbon chains of PTh. The TGA profile of Ag/Ag~2~O--PTh, showed first decomposition event at 181 °C because of loss of moisture and other volatile compounds, while the second decomposition event took place at 351 °C exhibiting 11.24 wt % loss. Almost 38.66 wt % loss was noticed at 805 °C because of the decomposition of polymer backbone. The loading of PTh was calculated to be 28% from the char content. The thermal stability was found follow the order: Ag--Ag~2~O \> Ag−Ag~2~O/PTh \> PTh.

Spectral Studies of Ag--Ag~2~O, PTh, and Ag--Ag~2~O/PTh Nanohybrids {#sec2.3}
-------------------------------------------------------------------

IR spectra of Ag--Ag~2~O, PTh, and Ag--Ag~2~O/PTh nanohybrids are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. A broad hump was observed in the IR spectrum of Ag--Ag~2~O at 3330 cm^--1^ because of the O--H stretching vibration of water molecules present on the surface of Ag~2~O. The band at 1519 cm^--1^ was assigned to the O--H bending vibrations. The peaks noticed at 1046, 1016, 677, and 621 cm^--1^ corresponded to the Ag--O antisymmetric and symmetric stretching vibrations, while the band at 621 cm^--1^ was correlated with the presence of the Ag metal. The IR spectrum of PTh exhibited characteristics peaks at 3367 and 3216 cm^--1^ because of OH stretching vibrations of water molecules. The peaks at 1640 and 1606 cm^--1^ were attributed to the C=C stretching vibration of conjugated alkene groups present in PTh. The absorption bands at 1373 and 1036 cm^--1^ were attributed to the C--H bending vibration and C--H in plane deformation mode in PTh, whereas the absorption peaks at 1178 and 855 cm^--1^ were assigned to the C--S--C stretching vibrations. The absorption band at 782 cm^--1^ was associated with the C--H out of plane bending vibrations in PTh.^[@ref38],[@ref39]^ The IR spectrum of Ag--Ag~2~O/PTh exhibited a broad hump at 3314 cm^--1^ because of the presence of O--H stretching vibration, while the peak at 1642 cm^--1^ was associated with the O--H bending vibration. The absorption bands at 1317 and 1094 cm^--1^, respectively, were attributed to the C--H bending vibration and C--H in the plane deformation mode of PTh. The peaks at 1195 and 842 cm^--1^ were assigned to the C--S--C stretching vibrations. The absorption band at 782 cm^--1^ was associated with the C--H out of plane bending vibration. The peaks noticed at 1042 and 634 cm^--1^ corresponded to Ag--O symmetric and anti-symmetric stretching vibrations. The pronounced OH peak of Ag--Ag~2~O was noticed to undergo broadening and a decrease in the intensity in the nanohybrid Ag--Ag~2~O/PTh. Similarly, the C=C stretching peaks at 1640 and 1606 cm^−1^ of PTh were noticed to undergo decrease in the intensity which could be attributed to intense interaction of PTh with the Ag--Ag~2~O.

![IR spectra of Ag--Ag~2~O, PTh, and Ag--Ag~2~O/PTh nanohybrids.](ao0c00405_0005){#fig5}

The UV--vis spectrum of Ag/Ag~2~O showed a peak at 260 nm, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a.^[@ref40]^ The UV--vis spectrum of PTh, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, revealed a shoulder ranging between 300 and 400 nm associated with π--π\* transitions of PTh, whereas the UV--vis spectrum of Ag--Ag~2~O/PTh revealed a peak at 260 nm similar to the one noticed in pristine metal oxide and a broad hump at 430 nm. The Tauc plot, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, depicted an optical band gap value of 1.1 eV for Ag--Ag~2~O, while band gap of PTh was noticed to be 1.5 eV. The Ag--Ag~2~O/PTh revealed a band gap value of 0.68 eV. The UV and visible light response of the hybrid materials was found to be remarkably improved upon modification with PTh because of the sensitization effect of the later which could also help in enhancing the photocatalytic properties.

![(a) UV--vis spectra of pure Ag--Ag~2~O, PTh, and Ag--Ag~2~O/PTh; (b) Tauc's plot of Ag--Ag~2~O, PTh, and Ag--Ag~2~O/PTh nanohybrids.](ao0c00405_0006){#fig6}

Microwave-Assisted Degradation of Paracetamol Drug Using Ag--Ag~2~O, PTh, and Ag--Ag~2~O/PTh as Catalysts {#sec2.4}
---------------------------------------------------------------------------------------------------------

The performance of Ag−Ag~2~O, PTh, and Ag−Ag~2~O/PTh as catalysts was evaluated by degrading paracetamol drug solution under microwave irradiation for 20 min (given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00405/suppl_file/ao0c00405_si_001.pdf) as Figure S1a--c). Microwave-assisted degradation of paracetamol drug using Ag--Ag~2~O as catalyst exhibited 26% degradation within 20 min, while in presence of PTh as showed, the drug solution revealed 46% degradation. Almost 80% degradation was achieved using Ag--Ag~2~O/PTh.

The plots of *C*/*C*~0~ versus time and ln *C*/*C*~0~ versus time for Ag--Ag~2~O, PTh, and Ag--Ag~2~O/PTh, (given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00405/suppl_file/ao0c00405_si_001.pdf) as Figure S2a,b) revealed pseudo-first-order kinetics in all the cases. The catalyst Ag--Ag~2~O/PTh displayed the highest rate constant value of 0.096 min^--1^ which was found to be 3 times higher than that of pure PTh and 1.5 times higher than the Ag--Ag~2~O.

The effect of the drug concentration (50--150 mg/L) was investigated, as is depicted in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00405/suppl_file/ao0c00405_si_001.pdf) as Figure S2c. The degradation efficiency of paracetamol drug was noticed to decrease from 69.77 to 42.43% upon increasing the drug concentration from 50 to 150 mg/L in the presence of Ag--Ag~2~O as catalyst. Similarly, in the presence of Ag--Ag~2~O/PTh, the degradation efficiency of paracetamol drug was noticed to decrease from 80.51 to 56.35% (given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00405/suppl_file/ao0c00405_si_001.pdf) as Figure S2d). The rate of paracetamol degradation was observed to decrease with the increase in its concentration.

Recyclability of Ag--Ag~2~O/PTh and Confirmation of Its Stability via Spectral and Morphological Studies after Regeneration {#sec2.5}
---------------------------------------------------------------------------------------------------------------------------

To evaluate the reusability of the Ag--Ag~2~O/PTh catalyst, recyclability experiments were conducted up to four cycles (shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00405/suppl_file/ao0c00405_si_001.pdf) as Figure S3). The catalytic activity of the Ag--Ag~2~O/PTh catalyst revealed a slight decline of 10% after the fourth cycle. The regenerated Ag--Ag~2~O/PTh catalyst was investigated for the change in its spectral and morphological features. The XRD profile of the recycled Ag--Ag~2~O/PTh catalyst revealed a similar pattern as that of pristine Ag--Ag~2~O/PTh (given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00405/suppl_file/ao0c00405_si_001.pdf) as Figure S4a). The peaks were observed to be sharp and distinct, confirming that the catalyst was able to retain its crystalline nature even after four cycles. The IR spectrum of Ag--Ag~2~O/PTh also revealed insignificant changes in the functional groups (given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00405/suppl_file/ao0c00405_si_001.pdf) as Figure S4b), confirming that the catalyst was structurally intact and could be safely used up to four cycles.

Analysis of Degraded Fragments via LCMS and Confirmation of Radical Generation via Scavenging Experiments {#sec2.6}
---------------------------------------------------------------------------------------------------------

The intermediates products obtained after microwave-assisted catalytic degradation of paracetamol drug using Ag--Ag~2~O/PTh as catalyst were identified using the liquid chromatography mass spectrometry (LCMS) technique, and the chromatographs are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00405/suppl_file/ao0c00405_si_001.pdf) as Figure S5. The degradation mechanism of paracetamol (*m*/*z* value 151) was favored by the fission of CH~3~--C=O group to form aminophenol (P1, *m*/*z*---111), [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. The fission of amide group further led to the formation of cyclohexanol (P2, *m*/*z*---100), followed by the formation of phenol via the electron attack on cyclohexanol. The fragmentation of the OH group of phenol generated cyclohexane, which upon rearrangement, transformed to cyclohexene and cyclohexadiene. The diene upon further attack by the reactive species generated nontoxic diols, as shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.

![Proposed Degradation Pathway of Paracetamol into Its Intermediates.](ao0c00405_0007){#sch1}

To explore radical generation, three different quenchers, namely, sodium sulfate (Na~2~SO~4~) (e-scavenger) benzoquinone (BQ) (^•^--O~2~ scavenger), and isopropyl alcohol (IPA) (^•^OH scavenger) were added into paracetamol drug solution and exposed to microwave irradiation for 20 min in the presence of Ag--Ag~2~O/PTh as catalyst (given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00405/suppl_file/ao0c00405_si_001.pdf) as Figure S6). The degradation rate of the paracetamol drug was observed to decrease in the presence of Na~2~SO~4~. The degradation rate of paracetamol drug was noticed to be 75% in the absence of any scavenger and 57% in the presence of Na~2~SO~4~. Similarly, the degradation rate was noticed to be reduced to 38% in the presence of IPA and 46% in the presence of BQ. The reduction in the degradation rate of paracetamol was noticed to be significantly reduced in the presence of IPA and BQ confirming that---^•^OH and ^•^--O~2~ were the active radical species that were involved in microwave-assisted catalytic degradation of the paracetamol using Ag--Ag~2~O/PTh as catalyst.

Comparison of Various Catalysts Used for the Degradation of Paracetamol under Different Conditions {#sec2.7}
--------------------------------------------------------------------------------------------------

Degradation of paracetamol has been reported by various kinds of photocatalysts which are briefly discussed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Jallouli *et al*.^[@ref6]^ conducted photocatalytic degradation of acetaminophen using TiO~2~ P25 under UV light and confirmed that more than 90% of 2.65 × 10^--4^ M solution of the drug degraded under UV irradiation. Vaiano *et al*.^[@ref41]^ prepared TiO~2~--graphite composites (TiO~2~--G) which revealed 88% degradation of paracetamol (25 mg/L) under 180 min UV light irradiation. Similarly, Dalida *et al*.^[@ref2]^ explored the degradation of acetaminophen using TiO~2~ under visible light irradiation and confirmed that 95% of acetaminophen degradation took place after 540 min irradiation in the presence of 1.0 g/L TiO~2~/KAl(SO~4~)~2~ aqueous solution having an acetaminophen concentration of 0.10 mM. Gotostos *et al*.^[@ref8]^ designed novel photocatalyst K~3~\[Fe(CN)~6~\]/TiO~2~ to degrade acetaminophen under visible light using blue and green LED lights. It was observed that 0.1 mM of acetaminophen was degraded up to 98% under blue LED and 64% under green LED when exposed for 9 h. Yanyan *et al*.^[@ref42]^ utilized TiO~2~/SiO~2~ and WO~3~/TiO~2~/SiO~2~ for the degradation of acetaminophen (5 mg/L) under UV--vis irradiation which revealed 95% degradation in the presence of WO~3~/TiO~2~/SiO~2~. Likewise, Nasr *et al*.^[@ref43]^ utilized noble metal-loaded TiO~2~ photocatalysts, namely, Ag/TiO~2~, Au/TiO~2~, and Pt/TiO~2~ for the degradation of acetaminophen (20 mg/L) using solar light. Almost 78% degradation was achieved within 180 min using Pt/TiO~2~. Hence, it can be concluded that microwave-assisted degradation of paracetamol using PTh-modified Ag--Ag~2~O was found to be far superior to UV and visible light irradiation methods reported for the degradation of paracetamol. Moreover, the fragments produced in our case were mainly diols unlike toxic amines and phenols as confirmed by LCMS studies. This technique could therefore be utilized as a green technology for the rapid and eco-friendly mode of degradation of toxic pharmaceuticals.

###### Paracetamol Degradation Using Different Photocatalysts, Exposure Time, and Different Conditions of Light Source

  photocatalysts                                           concentration of drug     degradation of paracetamol        duration of degradation   light source
  -------------------------------------------------------- ------------------------- --------------------------------- ------------------------- -------------------------------
  TiO~2~ nanoparticles, TiO~2~/cellulosic fiber^[@ref6]^   2.65 × 10^--4^ M          90%                               3.5 h                     UV and sunlight irradiation
  TiO~2~--graphite composites^[@ref41]^                    25 mg L^--1^              88%                               180 min                   UV light
  TiO~2~/KAl(SO~4~)~2~^[@ref2]^                            0.10 mM acetaminophen     95%                               540 min                   visible light
  K~3~\[Fe(CN)~6~\]/TiO~2~^[@ref8]^                        0.1 mM of acetaminophen   98% (blue LED), 64% (green LED)   9 h                       blue LED lamp, green LED lamp
  TiO~2~/SiO~2~, WO~3~/TiO~2~/SiO~2~^[@ref42]^             5 mg/L of acetaminophen   42%, 95%                          4 h                       UV--vis irradiation
  Ag/TiO~2~, Au/TiO~2~, Pt/TiO~2~^[@ref43]^                20 mg/L acetaminophen     73.7%, 68.8%, 78.0%               180 min                   solar light

Conclusions {#sec3}
===========

Microwave-assisted green synthesis of Ag--Ag~2~O was carried out using *O. sanctum,* and the synthesized nanoparticles were sensitized using PTh. XRD studies showed the crystalline morphology of the nanohybrids and TEM analysis showed that average particle size was found to be ranging between 36 and 40 nm. SEM--EDX with elemental mapping confirmed stoichiometry of Ag--Ag~2~O and the homogeneous distribution of PTh over Ag--Ag~2~O. UV--vis spectra confirmed the band gap of Ag/Ag~2~O--PTh to be 0.68 eV. The nanohybrid exhibited enhanced microwave-assisted catalytic activity against the degradation of paracetamol within a very short time span of 20 min. The catalyst was reusable up to four cycles which revealed no change in structural and morphological features as confirmed by IR and XRD studies. The radical scavenging experiments confirmed the formation of ^•^--O~2~^•^OH radicals. Based on the LCMS data, the degradation pathway of paracetamol was proposed and revealed formation of low molar mass fragments constituted of mainly dienes. Based on the reported photocatalysts utilized for the degradation of paracetamol under UV and visible light irradiation, Ag--Ag~2~O/PTh exhibited superior microwave-assisted catalytic properties and could be utilized for rapid degradation of toxic pharmaceutical pollutants. A comparative report on the visible light photocatalysis and microwave-assisted catalytic properties of Ag--Ag~2~O/PTh is underway in our laboratory and will be published soon.

Experimental Details {#sec4}
====================

*O. sanctum* (Tulsi) leaves were collected from university campus of Jamia Millia Islamia, New Delhi, India. Silver nitrate (AgNO~3~), (molar mass: 169.87 g/mol, density: 4.35 g/cm^3^, melting point: 212 °C, boiling point: 440 °C) (Merck India), thiophene (C~4~H~4~S, molar mass: 84.14 g/mol, density: 1.05 g/cm^3^, boiling point: 84 °C) (Loba Chemie Pvt. Ltd., India), ferric chloride (FeCl~3~·6H~2~O, molar mass 270.30 g/mol, assay ≥98%, boiling point: 280--285 °C, melting point: 37 °C, Merck India), chloroform (CHCl~3~, vapour pressure 211 hPa (20 °C), boiling point 61 °C, melting point −63 °C, solubility: 8.7 g/L, Sigma-Aldrich, USA), and ethanol (Merck India) were used without further purification.

Preparation of *O. sanctum* Extract {#sec4.1}
-----------------------------------

The extract of *O. sanctum* was prepared using the leaves of the plant which were washed with distilled water to remove dust particles and impurities. The leaves were then dried finely ground into powder. Approximately, 20 g of the powdered leaves was added to a Soxhlet apparatus containing an ethanol:water mixture (50 mL (v/v)) and heated at 50 °C for 1 h. The extract of the leaves was collected and filtered using a Buchner funnel using Whatman paper no. 42. The filtrate was then kept at 4 °C in a refrigerator for 24 h.

Microwave-Assisted Green Synthesis of Ag--Ag~2~O Nanoparticles {#sec4.2}
--------------------------------------------------------------

The extract of *O. sanctum* (30 mL) was added to AgNO~3~ solution (30 mL, 0.5 M) in a 250 mL Erlenmeyer flask which was subjected to microwave irradiation for 5 min. The color of the reaction mixture turned dark brown, confirming the oxidation of Ag particles. The reaction mixture was kept for 24 h under dark condition 30 °C for complete bioreduction process. The obtained Ag--Ag~2~O particles were centrifuged at 1000 rpm and washed several times with distilled water and ethanol. The obtained powder was then dried in a vacuum oven at 70 °C for 12 h. The Ag--Ag~2~O particles were then subjected to calcination at 600 °C to obtain the metal oxide powder.

Polymerization of Thiophene (PTh) {#sec4.3}
---------------------------------

Double distilled thiophene monomer (5 mL) was dissolved in chloroform (30 mL), and FeCl~3~ dissolved in 30 mL of chloroform was added dropwise to the thiophene solution with continuous stirring at 25 °C for 2 h on a magnetic stirrer equipped with an N~2~ inlet and a thermometer. The reaction mixture was then filtered and washed with double distilled water to remove the unreacted monomer and oxidant impurities. The obtained polymer was dried in a vacuum oven at 80 °C for 24 h.

Synthesis of Ag−Ag~2~O/PTh Nanohybrids {#sec4.4}
--------------------------------------

Ag--Ag~2~O nanoparticles (1.39 g) and PTh (1.39 g) were mixed and grinded using a mortar and pestle. The mixed powder was then dissolved in an ethanol:water mixture (50/50 v/v) in a 100 mL conical flask and sonicated for 4 h at 25 °C. The obtained nanocomposite was then centrifuged, washed with distilled water, and dried in an oven at 80 °C before use.

Characterization {#sec5}
================

Spectral Measurements {#sec5.1}
---------------------

FT-IR spectra were recorded on an FT-IR spectrophotometer model Shimadzu Affinity-1. UV--vis--IR diffuse reflectance spectra were recorded on PerkinElmer Lamda 35, USA.^[@ref28],[@ref29]^

Morphological Studies {#sec5.2}
---------------------

FE-SEM--EDX spectra were recorded on FEI, Nova nano SEM 30 KVA, Germany coupled with EDX. XRD patterns were recorded on an X-ray diffractometer (Rigaku Rodafex 200B) using a Ni-filtered Cu Kα radiation source. High resolution electron emission micrographs were taken on FEI, Technai HR-TEM 200 kV, USA.

Thermal Analysis {#sec5.3}
----------------

TGA was recorded on a thermal analyzer model TA/DTA 6300, EXSTAR 6000. The samples were heated between 35 and 810 °C at the rate of 10 °C min^--1^ under a nitrogen atmosphere.

Microwave-Assisted Catalytic Degradation of Paracetamol and Analysis of Degraded Fragments {#sec5.4}
------------------------------------------------------------------------------------------

The degradation experiments were performed under microwave irradiation using microwave oven model IFB (17PM-MEC2B) equipped with a Teflon magnetic stirrer (Scientific Instruments). Paracetamol drug was used as a model organic pollutant to evaluate the catalytic activity of Ag--Ag~2~O, PTh and Ag/Ag~2~O--PTh samples. Approximately, 100 mg photocatalyst (Ag--Ag~2~O, PTh and Ag/Ag~2~O--PTh) was added to a 100 mL aqueous suspension of paracetamol (80 mg/L), which was sonicated for 10 min and then kept under dark condition to attain the adsorption--desorption equilibrium. The drug solution (100 mL) was irradiated under microwave oven in the presence of the catalyst (9100 mg) for 20 min. Aliquots of 2 mL were taken out at a fixed time intervals to obtain the supernatant liquid at regular intervals of 5, 10, 15, and 20 min. The concentration of the paracetamol was measured via a UV--vis spectrophotometer model Shimadzu UV-1800 at λ~max~ = 239 nm. The degraded fragments of paracetamol were identified by the LC--MS technique as per method reported in our previous studies.^[@ref28],[@ref29]^

Confirmation of Scavengers and Recyclability Tests {#sec5.5}
--------------------------------------------------

Radical scavenging experiments were performed by adding 50 mg of the catalyst (Ag--Ag~2~O, PTh, and Ag−Ag~2~O/PTh) to drug solution (50 mL, 100 ppm) containing scavengers Na~2~SO~4~ (5 mL, 5 Mm), BQ (5 mL, 5 Mm), and IPA (5 mL, 5 Mm). The suspension was sonicated for 10 min and exposed to microwave irradiation for 20 min. Aliquots of suspension (2 mL) were drawn at regular intervals, and the UV spectra were recorded on a UV--visible spectrophotometer (model Shimadzu UV 1800).^[@ref12],[@ref28],[@ref29]^ The recyclability was tested up to four cycles, and in each cycle, 50 mg of Ag−Ag~2~O/PTh was used to degrade 100 mL of aqueous suspension of paracetamol (80 mg/L) exposed to microwave irradiation for 20 min. The catalyst was recycled by air-drying and reused.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00405](https://pubs.acs.org/doi/10.1021/acsomega.0c00405?goto=supporting-info).UV--visible spectra of paracetamol under microwave irradiation, *C*~*t*~/*C*~o~ versus time plots of paracetamol, effect of paracetamol concentration on the degradation efficiency using Ag−Ag~2~O and Ag−Ag~2~O/PTh as catalysts, recyclability test of the Ag−Ag~2~O/PTh nanohybrid, XRD and IR spectrum of Ag−Ag~2~O/PTh, LC−MS spectrum of intermediates of paracetamol (Calpol), and *C*~*t*~/*C*~o~ versus time plots ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00405/suppl_file/ao0c00405_si_001.pdf))
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